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is not affected by lighting conditions Light e Lo
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A laboratory experiment was conducted to examine the impact of different lighting condi-
tions on melatonin derived from saliva samples, alertness as measured through reaction
time (RT) to an auditory stimulus and self-reported sleepiness. This experiment repli-
cated previous work but with the inclusion of an extreme condition to test the null findings
of that previous work. There were four lighting conditions as defined by illuminance at
eye level and spectral power distribution. Three conditions, having photopic illuminances
of 0.5 Ix to 8 Ix (melanopic equivalent daylight illuminance (EDI) values of 0.5 Ix to 10.4 Ix)
repeated the range used in previous work: the fourth condition extended this to 83 Ix (mel-
anopic EDI approximately 100 Ix), which is extreme compared to those conditions typical
of road lighting. The time period over which measurements were conducted was intended
to represent pedestrian activity in the evening. The results revealed a significant reduction
in RT and significant decreases in melatonin and subjective sleepiness only with the
extreme condition, but did not suggest that lighting conditions typically used for road light-
ing had a significant effect on any of the dependent variables.

1. Introduction years, there has been an increasing emphasis on
investigating the non-image-forming (NIF)
impacts of lighting.”® One NIF affect is alert-
ness, also referred to as vigilance, arousal or sus-
tained attention.”

Alertness refers to the activation level of the
cerebral cortex and impacts the ability to process
information. A decrease in alertness directly cor-
relates with reduced performance in tasks that
demand attention over a prolonged period.’
Ensuring sufficient alertness is of importance for
pedestrians, as impaired alertness (of pedestrians
and/or other road users) has been linked to an
elevated risk of tripping or falling incidents® and
an increased likelihood of being involved in road

traffic collisions.” Alertness follows a 24-h circa-
Address for correspondence: S Fotios, School of Architecture and

Landscape, University of Sheffield, The Arts Tower, Western Bank, filal’l rhythm, belng typlcally hlgherg n the morm-
Sheffield S10 2TN, UK. E-mail: Steve.fotios@sheffield.ac.uk ing and lower in the evening.” Light can

This study focuses on road lighting for pedes-
trians. According to the CIE' the three primary
objectives of road lighting are (1) to allow all
road users, including operators of motor vehicles,
motor cycles, pedal cycles and animal drawn
vehicles to proceed safely; (2) to allow pedes-
trians to see hazards, orientate themselves, recog-
nise other pedestrians and give them a sense of
security; and (3) to improve the day-time and
night-time appearance of the environment. These
purposes primarily relate to aspects of visual per-
formance and visual perception, the image-
forming aspects of vision. However, in recent
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influence alertness both indirectly, by modulat-
ing circadian rthythms, and directly, through
acute effects.’

To measure the effect of lighting on alertness
requires definition of the variable(s) associated
with that effect. Prior to the discovery of NIF
photoreception pathways, studies investigating
the NIF effects of light commonly quantified
exposure using  photopic  illuminance.’'
Photopic illuminance characterises light based
on its effectiveness to support visual perfor-
mance, primarily reflecting the spectral sensitiv-
ity of cone photoreceptors. However, this
measure alone is insufficient for evaluating NIF
effects as it does not account for the spectral sen-
sitivity of other photoreceptor systems which
feed into NIF responses.'""!

The discovery of intrinsically photosensitive
retinal ganglion cells (ipRGCs), which contain
the photopigment melanopsin, marked a signifi-
cant advancement in understanding the NIF
effects of light. The ipRGCs can influence NIF
responses including alertness.'*'*  Optimising
lighting conditions to effectively stimulate
ipRGCs has the potential to enhance alertness.'”
Such lighting conditions are enhanced levels of
light in the short-wavelength region.'®!”
However, while ipRGCs play a central role in
mediating NIF responses, increasing evidence
suggests that rods and cones also contribute to
circadian photoreception, particularly under con-
ditions of low irradiance or short-duration light
exposure. > '%1820 In recognition of the com-
plex contributions of multiple photoreceptors,
Lucas ef al.'? introduced five spectral sensitivity
functions, corresponding to each of the five
known photoreceptor classes and their respective
photopigments. Among these, the melanopic
action spectrum has become the most widely
used in research,'! due to its strong relevance to
ipRGC-mediated NIF responses. The effective-
ness of lighting at stimulating the ipRGCs can
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be modelled using melanopic equivalent daylight
illuminance (EDI) in lux."" Brown et al?' sug-
gest that ‘alerting effects produced by light of
varying spectral composition are certainly better
predicted by melanopic irradiance than other
available metrics’, and this proposal is supported
by the CIE.*?

We therefore use photopic illuminance along
with the alpha-opic equivalent daylight (D65)
illuminances, including melanopic EDI, to char-
acterise the influence of lighting on alertness.

Previous studies >° have demonstrated that
lighting with higher levels of short-wavelength
content can enhance alertness, as assessed using
measures including self-report of sleepiness or
reaction time (RT). These controlled laboratory
studies,”> % conducted at night, also measured
melatonin levels. While performance on an RT
test directly reflects the level of alertness, and
self-report evaluates perceived alertness, melato-
nin is an indirect marker of circadian alertness
status, related to the regulation of the sleep—
wake cycle.?®?” In addition to those studies
showing that melatonin suppression is associ-
ated with a faster RT, a similar effect is noted
in studies measuring electroencephalography
rather than RT,?*! and the ingestion of mela-
tonin in oral form impairs task perfor-
mance.*** We note, however, that suppression
of melatonin by light targeting the melanopic sys-
tem does not automatically translate to acutely
altered levels of vigilance or sleepiness.®* This
means that even if light suppresses melatonin, it
would not necessarily result in shorter RTs or a
reduction in subjective sleepiness.

One limitation of  the previous
studies>**2>*37 on nocturnal NIF effects of
light is that they involved a protocol where partici-
pants initially are adapted to dim lighting followed
by exposure to relatively brighter conditions. In
contrast, a typical pedestrian context is that indi-
viduals are first exposed to relatively bright



Table 1 Photopic illuminance and melanopic EDI (in Ix)
used in previous studies which used test conditions
resembling pedestrian experience in the evening

Study Photopic Melanopic
illuminance (Ix) EDI (Ix)
Bhagavathula et al.®® 111t01.9 0.3100.8
Gibbons et a/.®® 10.0 1.46t05.7
Alshdaifat et al.*° <0.51t025.0 <0.510 10.7

lighting in office or home settings, followed by
exposure to relatively dim road lighting.

Gibbons and Bhagavathula conducted two
studies that better represented the typical sce-
nario of evening exposure to road lighting.*®-°
The range of lighting conditions used is shown
in Table 1. In the experiment reported by
Bhagavathula et al.*® participants were
instructed to drive on a closed loop road for 2 h
(01.00 to 03.00) after a 2-h adaptation phase
(23.00 to 01.00) under normal indoor lighting
conditions (photopic illuminance 200 1x, mela-
nopic EDI 87 Ix, at eye level). The test track
was illuminated with five different lighting
conditions, similar to those commonly used in
road lighting: correlated colour temperatures
(CCTs) of 2100 K and 4000 K, and luminances
of 0.7 cd m?, 1.0 cd m 2 and 1.5 ¢d m 2,
these combinations giving melanopic EDI
ranging approximately from 0.3 Ix to 0.8 Ix.

From the study by Gibbons et al.,>® we refer
here to that part where participants were seated
on chairs on a closed road for 4 h (22.00 to
02.00) following a 2-h adaptation phase (20.00
to 22.00). The adaptation phase used the same
lighting condition as did the adaptation phase in
Bhagavathula er al*® For the test phase, there
were six different lighting conditions, with vary-
ing CCTs (ranging from 2100 K to 5000 K) at a
luminance of 1.0 ¢cd m™~2. The melanopic EDIs
of these conditions ranged from approximately
1.5Ix to 5.7 Ix.
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In these two studies,38’39 alertness was mea-
sured using subjective reports of sleepiness and
performance on a visual RT test, along with mel-
atonin from saliva samples. In neither study was
the change in lighting suggested to have signifi-
cant effect on any of these measures.

In a previous experiment,*® we tested the null
findings of Gibbons and Bhagavathula by
extending the upper level of melanopic EDI to
10.7 1x, which is above the highest levels of
0.8 Ix and 5.7 Ix used in Bhagavathula et al.*®
and Gibbons et al.,*® respectively. This upper
limit was selected because a melanopic EDI of
10 Ix is the maximum recommended for unavoid-
able activities for 3 h (at least) before bedtime to
avoid melatonin suppression which would affect
sleep quality®': it is therefore the maximum that
might be considered acceptable for practical
application. This was a laboratory study con-
ducted over a 3-h period in the evening (21.00 to
00.00). The first 2 h consisted of participants
adapting to lighting that resembled a typical
indoor lighting, with vertical photopic illumi-
nance at the eye of 25 Ix, a melanopic EDI of
10.7 Ix and a CCT of 2700 K. After the adapta-
tion phase, participants were then subjected to
one of four light conditions characterised by
variations in melanopic EDI and CCT: <0.5 Ix,
3.4 Ix and 10.7 Ix with a CCT of 2700 K, and
10.4 Ix with a CCT of 5800 K. The dependent
variables included were participants’ reaction to
an auditory detection task, melatonin levels
determined from saliva samples, self-reported
levels of sleepiness and skin temperature.
Similar to the studies of Bhagavathula et al.*®
and Gibbons et al.,*® the findings of this experi-
ment*° did not reveal any significant differences
between the four lighting conditions.

We suggest two reasons why none of these
previous studies’® *° revealed an effect of light-
ing on measures of alertness or melatonin.
Firstly, the lighting conditions used may have
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been insufficient to reveal an effect. Instead of
using conditions that are suitable for real-world
application, it would be useful to use an extreme
value sufficient to reveal an effect,*’ thereby
demonstrating the ability of the experiments to
reveal an effect if such an effect exists. In other
words, using an extreme value in the experiment
would enable confirmation that the previous
findings of no effect due to lighting were not a
result of inappropriate experimental design.
Extreme here means a magnitude higher than
that which would be conventionally used: such a
value would not be used in practical application
but is used only in the experiment induce an
effect to demonstrate that the experiment is capa-
ble of revealing an effect.

The second reason is related to the level of
physical activity. Higher levels of physical activ-
ity induce a dual-task detriment, placing addi-
tional demands on attentional resources than
lower levels of activity.*? Different level of activ-
ity might therefore affect participants’ responses
in an RT task.

In the pedestrian-focused studies of Gibbons
et al*® and Alshdaifat et al.,*° test participants
were either seated or walking slowly. In the
Alshdaifat et al. study, after being seated for the
adaptation phase, participants were either seated
or walking slowly for the test phase, and the
results did not suggest a significant difference in
alertness between the walking and seated parti-
cipants. The walking speed was self-selected
by participants, and these speeds, ranging from
1.2 km h™! to 2 km h™!, are slower than the
typical walking speed of 4.5 km h~'.**
Walking instead at a normal pace demands
greater cognitive attention to maintain bal-
ance,*>*® and if this demands sufficient cognitive
resource it may lead to an effect on alertness.

Previous studies***** suggest the typical walk-
ing speed for adults aged 20 years to 29 years is
around 4.5 km h™' to 5.2 km h™' while the
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median walking speed for individuals aged 17
years to 65 years is around 4.5 km h™'.
A walking speed in the range of 4.0 km h™' to
6.8 km h™' is considered as moderate-intensity
exercise according to the Compendium of
Physical Activities (activity code 1717).%
Moderate-intensity exercise is defined as that
evoking a heart rate which is 50% to 70% of the
maximum heart rate (HRmax),48 where HR,,.x
is defined as the participant’s age in years
subtracted from 220.*° Thus, heart rate provides
a measure of the participant’s level of physical
activity in an experiment.

We report here the findings from a second
laboratory experiment conducted with the aim of
revealing an effect of lighting on alertness and
melatonin. This repeated the experiment of
Alshdaifat et al*® but with two changes: it
included a lighting condition providing much
higher levels of photopic illuminance and mela-
nopic EDI, and walking speed during the test
lighting phase of the experiment was increased
to deliver a heart rate of between 50% and 70%
of each participant’s maximum heart rate.

2. Method

The effects of change in light level and light
spectrum on alertness were investigated in a
laboratory study in which the lighting conditions
and test participant activity were selected to
resemble walking after dark.

2.1 Apparatus

The experiment was conducted in a laboratory
(Figure 1), a room of dimensions of 3.45 m
length, 2.43 m width and 2.8 m height. The
walls were white, with a reflectance of approxi-
mately 0.81. During trials the room lighting was
switched off and windows were screened to
block external light: the experiment was con-
ducted from 21st October to 5th December 2022



Figure 1 Plan layout of the test environment

from 20.00 onwards, which is after the end of
civil twilight, so there was no daylight. The test
environment was lit using a pair of LED arrays
(THOUSLITE LEDCube-114 (R27)), these hav-
ing multiple different primary sources allowing
the spectral power distribution (SPD) to be finely
tuned. The context of this experiment was a per-
son seated at home for 2 h (the adaptation phase)
followed by a 1-h test phase representing a walk
outdoors. In each test session, there were two test
participants. Both remained seated for the adap-
tation phase and for the 1-h test phase, both
started walking upon a treadmill to resemble the
physical exertion and balance control of a
pedestrian.

2.2 Independent variables

There was one independent variable, the light-
ing condition, for which there were four levels
defined by variations in illuminance and SPD.
Table 2 and Figure 2 show the lighting condi-
tions. The photopic illuminances were recorded

Pedestrian alertness 5

LED arrays

—Screen

vertically at a height of 1.5 m above the floor, in
the direction of the participant’s view.
Participants were seated during the adaptation
phase, and the height of these seats were adjusta-
ble, ensuring that participants’ eye heights
remained around 1.5 m above the floor level.
The lighting condition used for the adaptation
phase was intended to represent a typical resi-
dential environment.

After a 2-h adaptation phase, the participants
were exposed to one of four test conditions for a
duration of 1 h (the test phase). The first lighting
condition (L1) provided a vertical photopic illu-
minance <0.5 Ix (melanopic EDI <0.5 Ix) at
the eye and the same SPD as in the adaptation
phase. Measurements of vertical illuminance on
a small sample of minor roads revealed a range
of <0.5 Ix to 20 Ix, which suggests that L1 rep-
resent the lower end of the P-class.

The SPD for L2 was the same as that used
during the adaptation phase, but with the verti-
cal photopic illuminance set at 8 Ix (melanopic

Lighting Res. Technol. 2026; XX: 1-20
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Table 2 Light conditions (illuminance and SPD-derived metrics) used in the adaptation and test phases of the experiment

Lighting condition  llluminance* (Ix)  CCT (K)  Alpha-opic equivalent daylight (D65) illuminance (Ix)**
S-cone opic  M-cone opic L-cone opic Rhodopic Melanopic

Adaptation phase

AD 25 2700 8.2 19.5 25.6 12.7 10.7
Test phase

L1 <0.5 2700 <0.5 <0.5 <0.5 <0.5 <0.5

L2 8 2700 2.6 6.1 8.0 4.0 34

L3 8 5800 9.2 8.2 8.6 9.4 10.4

L4 83 5800 110.1 81.8 89.7 89.9 98.8

*Vertical photopic illuminance at eye level (1.5 m above the floor).
**Alpha-opic and melanopic equivalent daylight illuminances calculated using luox from Spitschan et a/.>°
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Figure 2 SPDs of the four light conditions, shown in absolute units (top) and normalised to a peak response of unity (bottom)
(top: Note the curve for light condition L1 is close to 0.0 W m~2 nm ™! at all wavelengths, bottom: Note that the curves for light

conditions L1 and L2 overlap)

EDI 3.4 Ix). The third test condition, L3, uti-
lised the same illuminance as L2, but the SPD
was varied (i.e. the CCT was increased from
2700 K to 5800 K) to increase the melanopic
EDI from 3.4 Ix to 10.4 Ix.

The fourth test condition, L4, used the same
SPD as L3, but increased the photopic illumi-
nance to 83 Ix (melanopic EDI = 98.8 Ix). This is
the extreme condition as suggested by Veitch et
al*' and was chosen for two reasons. Firstly, it
offers an increase in illuminance (whether photo-
pic or melanopic EDI) of one log unit above that

Lighting Res. Technol. 2026; XX: 1-20

provided under L3. The 10 Ix melanopic EDI of
L3 is the recommended®’ limit for unavoidable
activities before bedtime: it is therefore the maxi-
mum that might be considered acceptable for
practical application. Secondly, previous research
by Nowozin ef al.’" has shown that a melanopic
illuminance of 100 Ix (a melanopic EDI of
approximately 91 Ix) is the threshold at which
melatonin secretion becomes suppressed after
30 min of light exposure in the evening, regard-
less of the differential effects from prior light his-
tory and physical activity during the day of the
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Experiment period (3h)

r

Preparation time (1h)

Adaptation phase (2h)

Test phase (1h)

I T
20:00 21:00

T 1
23:00 00:04

. I !
Intervals (minutes): 5 30 90 110 130 150 180
Indicates measurement of: I Indicates measurement of only E Seated
Auditory psychomotor vigilance test (PVT) Karolinska Sleepiness Scale (KSS)

Saliva collection for melatonin
Karolinska Sleepiness Scale (KSS)

Figure 3 Overview of the test procedure

experiment. We describe condition L4 as extreme
because it is much higher than that used for road
lighting: we do not intend to suggest it is consid-
ered for road lighting but used it to test the null
finding®>*° found using conditions which were
representative of those used for road lighting.

2.3 Dependent variables

Two variables were measured to indicate the
impact of changes in lighting on alertness: RT to
an audible stimulus and self-reported sleepiness.
Saliva samples were collected to determine the
melatonin level.

Saliva samples were collected using salivettes
at intervals of approximately 30 min to 50 min
during both the adaptation phase and the test
phase (see Figure 3). Participants were instructed
to chew on a cotton swab for a duration of 1 min
to 2 min and then place it into a tube. The sam-
ples were initially stored locally at —20 °C, and
then transferred at weekly intervals to the
University’s biorepository where they were
stored at —80 °C. Following the completion of
all trials, the samples were packaged with dry ice
to reduce degradation and transported to the

NI Walking

Chrono@Work lab at the University of
Groningen in the Netherlands for analysis using
radioimmunoassay.”*~>

Alertness was assessed through an auditory
psychomotor vigilance test (PVT), which mea-
sures the time taken to react to the onset of an
auditory stimulus by pressing a response button
placed upon the desk. The stimulus was a
1000 Hz tone, delivered through headphones.
The stimulus was played for 0.5 s at inter-
stimulus intervals randomly chosen from the
range of 2 s to 6 s. In order to maximise differ-
ences in RT between the various experimental
conditions, the loudness of the tone was set to be
near the audibility threshold of each participant,
as established in the preparation time (see
Section 2.4). Test participants attended in pairs,
and each participant received a personally rando-
mised stimulus pattern to prevent his/her reaction
(pressing the button) from serving as a cue for
the other participant.

Alertness was assessed by subjective evalua-
tion using the Karolinska Sleepiness Scale
(KSS).>* This is a 9-point rating scale, ranging
from 1 (very sleepy) to 9 (extremely alert). Note
that in this work the KSS scale is reversed

Lighting Res. Technol. 2026; XX: 1-20
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compared with its conventional use®* so that a
higher rating means a greater level of perceived
alertness. The participants were asked to report
their level of sleepiness at every interval during
the 3-h experiment (see Figure 3).

We did not retain measurement of skin tem-
perature as a variable in this experiment follow-
ing Cajochen et al'® who concluded it has
similar sensitivity at different wavelengths.

2.4 Procedure

The participants arrived at the laboratory at
least 45 min before start of the adaptation phase
to allow for preparation. The preparation was
carried out under the same lighting as then used
in the adaptation phase. The adaptation phase
started at 21.00; this time chosen because it was
around 3 h prior to the habitual bedtime of the
recruited participants. The participants wore their
normal clothing and were advised to bring paper-
based reading material to occupy themselves in
the time between tests.

Two examinations were conducted during the
adaptation phase to confirm normal vision. A
Landolt C chart was used to check visual acuity,
ensuring an acuity of not less than 6/12 with their
normal corrective lenses, this threshold being
chosen because it is the minimum visual acuity
required for driving in the United Kingdom.>
Colour vision was evaluated using the Ishihara
colour plates illuminated by a D65-simulating
source.

The speed of the treadmill, used by partici-
pants during the test phase, was adjusted so that
their heart rate reached the lower bound of target
range (50% = 5% HR,.x). The treadmill gradi-
ent was set to 0%, representing a horizontal sur-
face. Heart rate was recorded continuously
throughout the experiment session at 1 s inter-
vals using a Polar Vantage M2 Smartwatch, the
validity of which was confirmed in previous
work.>*>7 Subsequent analyses of these data

Lighting Res. Technol. 2026; XX: 1-20

confirmed that participants heart rates were
between 50% and 70% of HR,,.x, thus confirm-
ing moderate-intensity exercise throughout the
test phase.

To establish heart rate for each participant, the
treadmill speed was set to 2.5 km h™' for 2 min,
a period sufficient to reach target exercise inten-
sity.”® Following the protocol of Soga et al.*’
when the HR of the participants did not reach the
target range, the treadmill speed was increased
each minute in intervals of 0.5 km h™'. If the HR
exceeded the target range, the speed of the tread-
mill was decreased each minute by 0.1 km h™ .
Participants tended to reach the target HR range
after about 6 min of walking. After doing so, par-
ticipants were seated for at least 20 min before
the adaptation phase started to allow enough time
for them to rest.*

To determine the hearing threshold of each par-
ticipant, a range of tones of different loudness were
played in random order, through headphones, to
which participants were instructed to press a button
when they heard a tone. The threshold level for
hearing was determined by identifying the loud-
ness level that corresponded with a 50% detection
rate. Tone volume for the PVT test was set to that
individual’s estimated hearing threshold plus an
additional 10 dB, resulting in a perceived loudness
twice as loud as the original tone.®’ The hearing
threshold was determined twice, while the partici-
pants were seated and while they were walking at
the determined walking speed, and the respective
threshold used in subsequent trials.

The adaptation and test phases of the experi-
ment lasted for 3 h. During this period, the
dependent variables (saliva samples, PVT and
KSS) were recorded at intervals of approxi-
mately 30 min, with measurements centred on
minutes 5, 30, 60, 90 and 110 in the adaptation
phase and minutes 130, 150 and 180 in the test
phase. For minutes 30 and 90 in the adaptation
phase, only the KSS was recorded.



The PVT test at each interval consisted of two
blocks of 3 min each. The first block was con-
ducted immediately prior to, and the second
immediately after, the interval point at which
KSS and salvia samples were taken. The com-
bined results from both PVT tests were analysed
as one block of 6 min, having responses to
approximately 60 stimuli. The PVT data were
cleaned by omitting assumed errors of omission
(RT greater than twice the participant’s median
RT) and errors of assumed commission (RT
<100 ms). The cleaned data displayed a non-
normal distribution; thus, the RT for each test
interval was characterised using the median of
responses to the 60 stimuli. This reduced the RT
data to 40 responses (one per participant) at each
of the six test intervals.

After the adaptation phase, the light condition
changed to one of the four test settings (Table 2),
and both participants changed from being seated
to walking on the treadmill. The treadmill was
set to the walking speed that was established in
the preparation time, and they walked for the
whole hour at that same speed, including whilst
giving saliva samples and performing the PVT
test.

2.5 Sample

This study recruited participants through
emails posted to volunteer recruitment lists of
university staff and students, with the following
inclusion criteria: aged 18 years to 30 years,
healthy (assessed by self-report of no short or
long-term medication use, non-smoking and no
history of health issues), a habitual bedtime
before or at midnight, no recent overnight work
(for the preceding one-year period) or travel over
a time zone in the last three months. None of the
participants had taken part in our earlier study,*’
ensuring that all were new to the experiment
and avoiding potential bias or previous learning
effects. Forty participants were recruited, with
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ten (five males and five females) allocated to
each of the four test conditions. Their median
age was 21 years, ranging from 18 years to 29
years.

Participants were asked to keep a steady
sleep—wake schedule for the seven days prior to
the experiment. A daily email was sent to remind
participants to maintain the sleep—wake schedule
and this was confirmed through a self-reported
sleep—wake diary for that period. To avoid a pos-
sible influence on the melatonin analysis, on the
day of their experiment participants were asked
to not eat bananas or chocolate during the day,
nor take any medication, to avoid consuming
substances after midday which contain alcohol
or caffeine and to refrain from napping. During
the experiment, orange juice, nuts and water
were provided for participants as refreshment.
Upon finishing the experiment, participants
received remuneration of £40.

Ethical approval for this experiment was
received from the University of Sheffield
Research Ethics Committee on 21 September
2022 (reference number 042711). In accordance
with this, informed consent was obtained from
all test participants and all recorded data were
anonymised.

3. Results

3.1 Data normality

The data gathered for each dependent variable
(percentage melatonin suppression, RT and KSS)
were tested to determine whether they were
drawn from populations with a normal distribu-
tion. This was done using four methods of analy-
sis: measures of dispersion (skewness and
kurtosis), statistical tests (Shapiro—Wilks and
Kolmogorov—Smirnov tests), comparing mea-
sures of central tendency, and graphical represen-
tations (histogram and box plot). The results did
not suggest that any of the dependent variables

Lighting Res. Technol. 2026; XX: 1-20
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Figure 4 Median RTs at each test interval as measured
using the acoustic PVT. Error bars show the interquartile
range (IQR): * shading distinguishes between the adaptation
and test phases

were normally distributed and thus analyses were
conducted using non-parametric tests.

3.2 Psychomotor vigilance test

Figure 4 shows the median RT at the six test
intervals where this was measured. Over the 3-h
experiment, the median RT progressively
decreased, suggested by the Friedman test to be a
significant change across the intervals (p <
0.0001). A subsequent series of pairwise compar-
isons was conducted using post hoc Wilcoxon
tests. To limit the risk of Type I and Type II
errors, post hoc pairwise comparisons were cor-
rected using Holm—Bonferroni.®* This indi-
cated a longer RT at the first measurement
interval (5 min; median RT = 379 ms) than at
the other test intervals (p < 0.05 in each case).
The RT at the final test interval (180 min; med-
ian RT = 329 ms) was significantly shorter than
at 150 min and 130 min.

For the adaptation phase, all participants were
exposed to the same lighting condition; thus, no
differences were expected between the groups

Lighting Res. Technol. 2026; XX: 1-20

subsequently allocated to the four test lighting
conditions. Comparing the differences between
the groups at each interval in the adaptation
phase (5 min, 60 min and 110 min) therefore
tests whether participants were fairly assigned to
each group. The Kruskal-Wallis test did not sug-
gest any differences to be significant (p = 0.35
in each case).

Figure 5 shows the median RT under each
light condition for the three intervals of the test
phase. The aim is to determine whether RT (and
similarly melatonin and KSS score) in the test
phase differed from that in the adaptation phase
according to the different lighting conditions. In
some studies,®>** there is only one measure of
the dependent variable to characterise each of the
adaptation and the test phases, for example,
Brainard er al.** measured melatonin at the end
of their 2 h adaptation phase and the end of the
90 min test phase. In the current work, the
dependent variables were measured at several
intervals within each phase, to allow the change
to be monitored, for example, to show that the
expected increase in melatonin level was
revealed. For the RT analysis, we omitted data
from the first adaptation interval (5 min) to offset
the apparent learning effect and used the average
of the final two adaptation intervals (60 min and
110 min) which were not suggested to be signifi-
cantly different. Melatonin levels and KSS scores
changed significantly as expected during the
adaptation phase: a progressive increase in mela-
tonin and a progressive decrease in KSS.
Following previous work, we included only mea-
surements from the final adaptation level *>-0%¢°

For each light condition, the change in RT
over successive intervals was tested using the
Friedman test. For light conditions L1, L2 and
L3, the Friedman test did not suggest any differ-
ences in RT between the measurement intervals
to be significant (p > 0.126; in each case). In
other words, the transition from lighting in the
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adaptation phase to lighting in the test phase did
not change RT significantly under light condi-
tions L1, L2 or L3.

For lighting condition L4, the Friedman test
suggested a significant effect (p 0.001).
Pairwise comparisons using the Wilcoxon test
suggested that RTs at the third (180 min) interval
in the test phase were significantly shorter than
the average RT in the adaptation phase (p <
0.05). Also, the RT at 180 min was significantly
shorter than those at 130 min and 150 min (p <
0.05), and the RT at 150 min was significantly
shorter than that at 130 min (p < 0.05). In other
words, under L4 the RT tended to decrease with
time through the test phase, whereas for L1, L2
and L3 there was no change.

The Friedman test compares changes in
responses within each light condition group
across the measurement intervals in the test
phase, a within-subjects analysis. An alternative
approach is to compare responses between the
different groups at the same measurement inter-
val, a between-subjects analysis. This was done
using the Kruskal-Wallis test: no differences
were suggested to be significant (p = 0.31 in
each case).
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Melatonin level (pg/ml)

O N B OO ®
L

Figure 6 Median melatonin levels derived from saliva
samples collected at each test interval. Error bars show the
IQR: * shading distinguishes between the adaptation and
test phases

3.3 Melatonin

Figure 6 shows the median melatonin levels
of the 40 participants at each interval. The mela-
tonin levels progressively increased as the mea-
surement interval approached habitual bedtimes.
The Friedman test indicated a statistically signifi-
cant difference in melatonin levels with time
(» < 0.0001). Pairwise tests using Wilcoxon

Lighting Res. Technol. 2026; XX: 1-20
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suggested that differences in melatonin between
all the intervals were significant (p < 0.05).

For the adaptation phase, the Kruskal-Wallis
test was used to determine group differences at
the same interval. There were no significant dif-
ferences (p = 0.73 in each case), which suggests
a fair distribution of participants across the four
lighting conditions.

Following previous studies®>®>°¢ the effect of
light on melatonin suppression at intervals in the
test phase was analysed by calculating the per-
centage change in melatonin levels relative to
the final interval of the adaptation phase. This is
shown in Figure 7.

Analyses were conducted using the Friedman
test. For light conditions L1, L2 and L3, the
Friedman test suggested significant changes
across the measurement interval (p < 0.005 in
each case). Pairwise comparisons using the
Wilcoxon test indicated that there were signifi-
cant increases in melatonin under lighting condi-
tions L1, L2 and L3 (p < 0.05) with the highest
percentage reached at 180 min.

Lighting Res. Technol. 2026; XX: 1-20

For light condition L4, the Friedman test
again suggested a significant change in percent-
age melatonin suppression across the measure-
ment intervals (p = 0.05). Pairwise comparisons
using the Wilcoxon test indicated that there was
a near-significant reduction in melatonin at
interval 180 min compared to the 150 min and
130 min intervals. In other words, exposure to
L4 led to suppression of melatonin but only
after an exposure of between 30 min and 1 h.
This is in line with the result of Nowozin
et al’!

For the test phase, the Kruskal-Wallis test sug-
gests a significant difference between the groups
at the 150 min and 180 min intervals (i.e. 30 min
after start of the test phase, p = 0.001; p = 0.004;
respectively).

Here, we analysed melatonin suppression as
the percentage change in melatonin following
previous work.*>%%¢ Papamichael et al.>> ana-
lysed absolute melatonin levels in addition to
percentage melatonin suppression. Repeating
analysis of the current data using absolute
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melatonin levels reached the same conclusions
except for one change. Using the Kruskal-Wallis
test to examine between-subject differences at a
given time interval suggested a significant differ-
ence at only the 180 min interval (p = 0.009),
whereas analysis of percentage melatonin sup-
pression suggested a significant difference at the
150 min and 180 min intervals. Pairwise com-
parisons using the Mann—Whitney test suggested
significantly higher melatonin suppression under
light condition L4 than under the other light
conditions.

3.4 Self-reported sleepiness

Figure 8 shows the median KSS scores at each
test interval. The Friedman test indicated a statis-
tically significant (» < 0.0001) change in KSS
scores across the measurement intervals. Overall,
there is a progressive decrease in the KSS score
as the measurement interval nears habitual bed-
times, reflecting a tendency to report feeling

more sleepy at these times. Pairwise Wilcoxon
tests suggested that the KSS score at intervals
5 min and 30 min were significantly higher (feel-
ing more alert) than all other intervals (p < 0.05
in each case); the KSS score at the 5 min interval
was significantly higher than at 30 min (p <
0.05); and the KSS score at the 60 min interval
was significantly higher than at 110 min (p <
0.05).

There is a significant increase (p < 0.05) of
about one unit of the KSS score between mea-
surements at 110 min and 130 min, which coin-
cides with the participants’ transition from being
seated to walking on the treadmill. This decrease
in perceived sleepiness is an expected result of
the physical activity undertaken.®” Subsequently,
at intervals 150 min and 180 min, the KSS
score returned to the pre-walking sleepiness
level of 110 min, with pairwise differences
between 110 min and either 150 min or
180 min not suggested to be significant (p >
0.05).

Lighting Res. Technol. 2026; XX: 1-20
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The Kruskal-Wallis test was used to deter-
mine group differences at the same interval. For
the adaptation phase, there were no significant
differences (p = 0.45 in each case), which sug-
gests a fair distribution of participants across the
four lighting conditions.

The effect of light condition on KSS was
tested using the Friedman test, comparing KSS
scores in the final interval in the adaptation phase
(110 min) with the three intervals in the test
phase (Figure 9).

For light conditions L1 and L4, the Friedman
test suggested significant changes across the
measurement interval (p < 0.044): pairwise
comparisons using the Wilcoxon test revealed
only one significant effect, an increase in KSS
score (i.e. feeling more alert) between the
110 min and 180 min intervals (p < 0.05) under
light condition L4. For lighting condition L3 the
changes were suggested by Friedman to be near
significant (p = 0.07), but pairwise tests did not
reveal any significant differences; for L2, the
Friedman test did not suggest any significant dif-
ferences (p = 0.62). Within the test phase, the
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Kruskal-Wallis test did not suggest significant
differences between the groups (p = 0.18 in
each case).

The KSS data therefore again shows that the
lighting condition of highest (100 1x) melanopic
EDI (L4) led to an effect on an alertness mea-
sure, perceived sleepiness, but only after an
exposure of somewhere between 30 min and
60 min. Responses to rating scale data are notor-
iously noisy,®® and this may explain why differ-
ences between measurement intervals revealed
within the overall dataset were less prominent
when analysing the smaller samples of the indi-
vidual lighting condition groups.

4. Discussion

An experiment was conducted to investigate the
effect of lighting on alertness and melatonin in a
context simulating a typical pattern of pedestrian
exposure to lighting in the evening. Three depen-
dent variables were measured: RT to an acoustic
stimulus, melatonin derived from saliva and self-
reported sleepiness. This extended previous work



by using a pattern of light exposure and activity
level better resembling pedestrian activity in the
evening and by using a control (extreme) light
condition to confirm the null findings of previ-
ous work.

Overall, none of the lighting conditions L1,
L2 and L3 had a significant effect on melatonin,
RT to an auditory stimulus or self-reported slee-
piness. Those conditions had photopic illumi-
nances of <0.5 Ix to 8 Ix (melanopic EDIs of up
to 10.4 1x). When this was increased to 83 Ix
(melanopic EDI of 98.8 Ix, lighting condition
L4), the experiment revealed significant effects,
specifically a reduction in RT, suppression of the
increase in melatonin and an increase in per-
ceived alertness. This implies that, under an eve-
ning, moderate-walking protocol, exposure for
about 1 h to a photopic illuminance in the range
of 8 Ix to 83 Ix (a melanopic EDI somewhere in
the range of 10.4 Ix to 98.8 1x) is the threshold at
which NIF responses would be triggered and fur-
ther work would be required to define that
threshold if required.

Across the 3 h duration of the experiment,
melatonin levels increased and KSS scores
decreased, which are trends in the expected
directions as habitual bedtime is approached.®”°
For the PVT data, there were notable reductions
in RT from the first to subsequent intervals
(which can be ascribed to a learning effect’")
and from the penultimate to final intervals,
which can be ascribed to participants being
aware that the experiment was nearly finished,
an end-spurt effect where performance declines
with time-on-task and then improves as the task
approaches completion.”*"?

That lighting conditions L1, L2 and L3 did
not lead to significant differences in the depen-
dent variables confirms the results reported in
previous studies,’® *° and for those previous
studies, the photopic illuminances ranged from
< 0.5 Ix to 8 Ix (and melanopic EDI ranged from
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0.5 Ix to 10.4 Ix). However, the condition (L4)
labelled as extreme in the current work, having
the photopic illuminance of 83 Ix (melanopic
EDI of 98.8 1x), resulted in significant reductions
RT and a near-significant suppression of mela-
tonin after 30 min of exposure (the 150 min
interval). These findings suggest that exposure
to 100 Ix melanopic EDI for 30 min would be
required to suppress an increase in melatonin
and also to enhance alertness. This is not a pro-
posal that such an extreme lighting condition
be used in road lighting design: its inclusion
was for experimental control to support that the
experiment could induce an effect, thus to vali-
date the null findings of previous work.

We repeated the previous study®® with the
addition of an extreme condition following the
recommendation to do so by Veitch et al.*' An
extreme condition is one which, according to the
literature, will undoubtedly reveal an effect if the
experiment is correctly designed. The inclusion
of an extreme condition is therefore one means
for testing the experimental design, and supports
the conclusion of no effect when less extreme
test conditions are used.

In this work, we characterised the lighting
conditions using photopic illuminance and mela-
nopic EDI, the latter being the recommended
approach.>'*> Melanopic EDI assumes that
ipRGC-driven responses dominate NIF out-
comes; however, literature suggests a more com-
plex interplay involving cones and rods,
particularly at lower light levels.'®*° Therefore,
we also report (Table 2) the other alpha-opic val-
ues for each light condition to enable further
analysis by others, as recommended by Knoop
et al.”* For any of these values, light condition
L4 has the largest magnitude and would there-
fore be described as extreme using any of the
values.

A limitation of this study is that only a young
sample was included, these aged between 18

Lighting Res. Technol. 2026; XX: 1-20
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years and 30 years. Older people are expected to
have different responses to light. With increasing
age, there are changes in the central visual path-
ways,’>’® which can influence NIF responses;
older people may have different sleep patterns
and circadian rhythms than younger people’’;
finally, there is an age-related decline in cogni-
tive performance, where older individuals can
experience reduced cognitive performance com-
pared to younger individuals.”® Future research
should consider incorporating a more diverse age
range to better understand the potential varia-
tions in the non-visual effects of road lighting on
alertness across different age groups.

A further limitation is that day-time light
exposure was not controlled; although partici-
pants reported their time spent outdoors on the
day of the experiment, this was not standardised
and may have influenced the outcomes.

The experiment was designed to maintain a
walking speed offering moderate-intensity exer-
cise. Further work is required to determine
whether walking speed varies between daylight
and after dark or between times of day when
there may be a natural variation in alertness.

5. Conclusion

An experiment was carried out to examine how
lighting influences alertness and melatonin in a
context resembling pedestrian exposure in the
evening. Three dependent variables were mea-
sured, RT to an auditory stimulus, melatonin
derived from saliva samples and subjective slee-
piness. For photopic illuminances up to 8 Ix
(melanopic EDI of up to 10 Ix), these data do
not suggest an effect on alertness or melatonin,
confirming the findings of previous studies using
a similar melanopic EDI upper limit.***°
However, increasing the photopic illuminance
to 83 Ix (melanopic EDI to 98.8 Ix: lighting

Lighting Res. Technol. 2026; XX: 1-20

condition L4) revealed a reduction in RT and
subjective sleepiness and a decrease in melato-
nin. The recommended average horizontal photo-
pic illuminance for road lighting for pedestrians
range from 2 Ix to 15 Ix." Lighting condition L4
used a photopic illuminance of 83 Ix at the eye
with a CCT of 5800 K: to reach the same mela-
nopic EDI with a CCT of 2700 K would require
a photopic illuminance at the eye of 230 Ix.
Thus, while lighting can affect the alertness of
pedestrians, the results of this study suggest the
conditions required are unlikely to be found in
road lighting applications. This is not a sugges-
tion that light levels for pedestrians should be
raised, but to suggest that variation of lighting
conditions within those conventionally used is
unlikely to have a significant effect on NIF.
Moreover, current road lighting design increas-
ingly emphasises reducing light pollution and,
where possible, avoids illuminating vertical sur-
faces at eye level, which further limits the likeli-
hood of such conditions occurring in practice.
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